Objectives-The Single Ventricle Reconstruction trial randomized patients with single right ventricle lesions to a modified Blalock-Taussig or right ventricle-to-pulmonary artery shunt at the Norwood. This analysis describes outcomes at the stage II procedure and factors associated with a longer hospital length of stay (LOS).
Introduction
Staged surgical repair for hypoplastic left heart syndrome (HLHS) and other single right ventricle anomalies usually includes a stage II procedure (superior cavopulmonary connection) between the Norwood and Fontan procedures (total cavopulmonary connection). This approach reduces morbidity and mortality at the time of the Fontan procedure 1, 2 and is well tolerated Several series suggest the median length of hospital stay (LOS) is 5-7 days and there are relatively few complications [3] [4] [5] [6] [7] [8] . Despite the generally excellent results there are a number of preoperative risk factors associated with prolonged LOS, hospital death, or failure of the cavopulmonary circulation to provide adequate oxygenation and/or acceptable hemodynamics. The most commonly identified risks include stenosis or distortion of the pulmonary arteries (PA) or increased pulmonary vascular resistance (PVR) 1, [9] [10] [11] , atrioventricular valve (AVV) regurgitation 10, [12] [13] [14] and younger age at the time of the stage II 13, 15, 16 .
The primary outcome in the Single Ventricle Reconstruction (SVR) trial was transplant-free survival at 12 months post-randomization between subjects with single right ventricle anomalies palliated with a right ventricle-to-pulmonary artery shunt (RVPAS) versus a modified Blalock-Taussig shunt (MBTS) at the Norwood procedure 17 . Transplant-free survival 12 months after randomization was higher with the RVPAS, but the trial showed several significant differences between the two groups of Norwood survivors with regard to potential risk factors for the stage II procedure. Specifically, PA size by angiography before the stage II procedure as measured by the Nakata index was significantly smaller in the RVPAS group (median 99 [IQR 63-150] vs. 125 ), as was the diameter of the distal right PA (5.2±1.7 vs. 6.3±2.0 mm). PA interventions during the study period were more common in the RVPAS group (49% vs. 28%) 17 .
The primary purpose of this analysis was to report hospital outcomes following the stage II procedure in the SVR cohort and compare these outcomes between subjects who received the RVPAS vs. the MBTS. Because of the low expected mortality of the stage II procedure, the analyses focused predominantly on morbidity rather than mortality. Hospital LOS was the primary outcome with the hypothesis that LOS would be longer in the RVPAS group based on the increased incidence of pulmonary artery problems previously reported in this cohort. A secondary aim of this analysis was to identify risk factors for longer LOS and inhospital death during the stage II hospitalization.
Methods

Subjects
Details of the SVR trial design have been reported 18 . The Institutional Review Board or Research Ethics Board at each participating center approved the study protocol and written informed consent was obtained from parents prior to trial enrollment. Subjects were recruited from 15 centers in North America participating in the National Heart, Lung, and Blood Institute-funded Pediatric Heart Network between May 2005 and July 2008. Inclusion criteria consisted of a diagnosis of HLHS or other single right ventricle anomaly and planned Norwood procedure. Exclusion criteria were preoperative identification of anatomy rendering either a MBTS or RVPAS technically impossible, and any major congenital or acquired extracardiac abnormality that could independently affect the likelihood of the subject meeting the primary outcome of transplant-free survival at 12 months postrandomization. Only subjects who survived to the stage II procedure are included in this analysis.
Study Design and Measurements
Shunt type was defined for this analysis as the shunt in place at the end of the Norwood procedure (non-intention to treat). Other than random assignment of shunt, all participants were managed according to the standard practices at their clinical centers.
The outcome variables for the primary analysis included hospital LOS (primary outcome), days receiving mechanical ventilation, intensive care unit (ICU) LOS, performance of concurrent surgical or interventional procedures at the time of the stage II procedure or during postoperative hospitalization that are not routinly part of the stage II operation, number of serious adverse events (SAEs) and complications, and death. Those subjects who died during the stage II hospitalization were excluded from the analyses of LOS. We then analyzed potential risk factors that might influence hospital LOS or in-hospital death. The factors considered in the risk factor analysis were restricted to those judged to be clinically relevant. A full list of candidate predictors can be found in the online appendix, Table 1 . For the purpose of this analysis, unplanned postoperative procedures were limited to major cardiovascular procedures and did not include procedures such as thoracentesis or chest tube placement, sternal debridement or gastrostomy tube insertion. To examine the impact of two potentially important confounders, namely missing data with regard to PVR and subjects who were not discharged after the Norwood and before the stage II procedure, alternative risk factor models were created.
Protocol-driven echocardiograms were obtained at a scheduled outpatient visit before the stage II procedure. The echocardiograms were interpreted at a core laboratory (Medical College of Wisconsin) to assess the degree of AVV regurgitation (none/mild/moderate/ severe), right ventricular end-systolic volume (RVESV), end-diastolic volume (RVEDV), fractional area change (RVFAC), and right ventricular ejection fraction (RVEF). RVFAC was the primary measurement of right ventricular function used in further analyses. The rationale and detailed methods for echocardiographic assessment of RV volume and function in the SVR cohort has been detailed elsewhere 19 .
Cardiac catheterization was performed in the majority of subjects before the stage II procedure as part of routine clinical care, and angiograms were interpreted at a core lab (Duke University). Hemodynamic measurements such as right ventricular end diastolic pressure (RVEDP) and calculations such as PVR were reported by the enrolling center. Anatomic measurements including PA size and stenoses were determined by the core lab. Because data needed to calculate PVR were missing for a large number of subjects it was excluded from the primary multivariable analysis. Total lower lobe index was calculated as a measure of total PA size from direct measurements of the right and left lower lobe PA diameters. This measurement has been shown to be the best measure of PA growth and is less affected by surgery than other indexed measures of PA size 20 and was therefore used as the measurement of PA size for consideration of entry into the multivariable model.
In addition to the echocardiographic and catheterization based diagnoses of AVV regurgitation and PA stenosis we recorded the clinical diagnoses of these conditions, which were based on the overall impression of the treating cardiology teams.
Socioeconomic status at the time of randomization was assigned in two ways: 1) using a U.S. census-based score derived from six measures based on income, housing, and occupational-related features of the subject's census block tract 21 , and 2) the percentage below the federal poverty level in the subject's census block tract.
Statistical Methods
Hospital LOS was defined by days from stage II procedure date (day 1) to discharge date. Descriptive statistics are presented as mean ± standard deviation (SD), medians with interquartile range (IQR) and percentages as appropriate. Differences between those subjects who died vs. those who survived to hospital discharge were determined with t test, Wilcoxon rank sum test or a Fisher exact test. A univariate Cox regression model was used to identify associations between clinical factors and time to hospital discharge following the stage II procedure. Only those that were significant at P≤0.20 with respect to outcome were considered for inclusion in the multivariable model. The linearity of the covariates and the proportional hazards assumption were evaluated both graphically and statistically. A stepwise Cox regression selection was employed in conjunction with bootstrapping (1000 samples) to obtain reliability estimates for each of the predictors. All terms in the final multivariable model have a P< 0.05 and have a reliability >50%. The primary multivariable analysis was constructed using all cases with complete data. Two additional models were created; the first excluded 13 subjects who were not discharged between the Norwood and stage II operation and have been previously described 22 , and the second included PVR from the pre-stage II catheterization as a potential predictor. All analyses were conducted using SAS version 9.2 (Statistical Analysis System, Cary, NC) and SAS macros for bootstrapping estimates of reliability.
Results
Patient Population and Diagnoses
There were 549 subjects who were randomized in the SVR trial and underwent the Norwood procedure ( Figure 1 ). Subjects who died or were transplanted before the stage II procedure, those with interrupted inferior vena cava resulting in a Kawashima procedure as a second stage, those subjects with missing data and one with an uncharacteristically late stage II procedure at 23 months of age were excluded from this analysis. The final cohort consisted of 393 subjects, and because of differential rates of attrition between randomization and the stage II procedure, 172 subjects had a MBTS and 221 had a RVPAS.
The cohort was 64% male and 81% white. Anatomy was predominantly HLHS (88%). The most common associated diagnoses prior to the stage II procedure as reported by the clinical teams were branch PA stenosis (26%) and AVV regurgitation (12%). Mean right (n=189) and left (n=212) PA pressures at pre-stage II catheterization were 14.4±3.4 and 14.7±3.8 mm Hg respectively, and mean PVR (n=264) was 2.1±1.1 Wood Units × m 2 . Pre-stage II angiography revealed 17% of subjects to have 35% or greater stenosis of the left PA and 21% to have similar stenosis of the right PA. Echocardiography demonstrated at least moderate AVV regurgitation in 26% and a mean RVFAC of 34±8%. Further details can be found in the online appendix, Table 2 .
Mean age at the time of the stage II procedure was 5.3±1.7 months. The stage II procedure was elective, as reported by the individual site investigators, in 66%. The subjects who underwent stage II non-electively were younger (4.6±1.7 vs. 5.6±1.5 months, P<.001) and the average number of concurrent procedures was higher (1.2±1.5 vs. 0.8±1.0, P<.001). Timing of the stage II procedure was not associated with shunt type (29% MBTS vs. 37.5% RVPAS were non-elective, P=0.86). The most common reason for non-elective timing of the stage II procedure was progressive hypoxemia (n=107), with ventricular dysfunction (n=33), shunt stenosis or occlusion (n=17), aortic arch obstruction (n=13), failure to thrive (n=12), AVV regurgitation (n=12) and PA stenosis (n=5) accounting for almost all remaining nonelective stage II procedures.
A right bidirectional cavopulmonary anastomosis was the most common type of stage II procedure and was performed in 64% of subjects, with a right hemi-Fontan being the next most common at 24%. Cardiopulmonary bypass time averaged 93±43 minutes and 73% of cases were performed without deep hypothermic circulatory arrest. Concurrent procedures not otherwise part of a usual stage II procedure or unplanned cardiovascular interventions before stage II hospital discharge were performed in 56% of subjects. The most common concurrent procedures were those involving PA plasty (36%) followed by atrioventricular valve repair (11%) and aortic arch repair (6%) ( Table 1) .
Stage II Morbidity Outcomes
Outcomes by shunt type are summarized in Table 2 . Median hospital LOS was 8 days (IQR: 6, 14) . There were no differences in hospital LOS, ventilator days, ICU LOS, number of concurrent procedures, serious adverse events or complications between subjects with a RVPAS and those with a MBTS.
Univariate Analysis for LOS
The analysis for the primary outcome was performed on a cohort of 372 subjects, which excluded 17 in-hospital deaths, 3 in-hospital heart transplants and 1 subject with no information regarding discharge in the data set. The list of candidate predictors for hospital LOS following the stage II procedure and the univariate modeling results can be found in the online appendix Table 2 .
Multivariable Model for LOS
Longer hospital LOS was independently associated (R 2 =0.26) with center, longer post-Norwood LOS (HR 1.93 per log day, P<0.001), non-elective timing for the stage II procedure (HR 1.78, P<0.001) and a clinical diagnosis of branch PA stenosis at the time of the stage II procedure (HR 1.56, P<0.001) (Table 3A) . Shunt type was not significant when added to this model (P=0.92). An alternative analysis that excluded the 13 subjects who were not discharged from the hospital following the Norwood procedure showed the same associations as the primary model and an additional inverse association between RVFAC and post-stage II LOS (Table 3B ). A multivariable model (N=253) that excluded subjects in whom PVR could not be measured found the same significant risk factors as the primary model except that higher PVR (HR 1.24 per 1 Wood Unit × M 2 , P=0.004) instead of pulmonary artery stenosis was associated with longer hospital LOS (Table 3C ). Of note, the incidence of ≥ 35% branch stenosis was similar between those subjects with PVR reported and those for whom that data was missing (data not shown). Median hospital LOS was calculated for subgroups defined by the presence vs. absence of all possible combination of the three risk factors identified in the multivariable model (Table 4 ). A cut point of 24 days was used to define prolonged LOS following the Norwood operation since this was the median LOS for transplant-free survivors who later underwent a Stage II procedure. The median LOS following the stage II procedure was 6 days when no risk factors were present and 13 days when all three risk factors were present.
Mortality
Seventeen subjects (4%) died after the stage II procedure and before hospital discharge. An additional 3 subjects (1%) remained in the hospital until transplantation. Univariate comparison of those subjects who died or were transplanted during the stage II hospitalization with those subjects who survived to discharge without transplant is shown in Table 1 . Characteristics associated with in-hospital mortality or transplantation included longer Norwood LOS, not being discharged between the Norwood and stage II procedures, extracorporeal membrane oxygenation (ECMO) after the Norwood, nonelective timing of the stage II procedure, a clinical diagnosis of AVV regurgitation at the time of the stage II procedure, higher RVEDP at pre-stage II catheterization, lower weightfor-age z score at the time of the pre-stage II echocardiogram, greater than or equal to moderate AVV regurgitation on pre-stage II echocardiogram, longer total cardiopulmonary bypass time at the stage II procedure, and surgical atrioventricular valve repair during the stage II hospitalization. Among those with elective timing of the stage II procedure, there was no statistically significant relationship between age at the stage II procedure and death or transplant (data not shown). Because of the overall low in-hospital mortality/transplant rate, multivariable modeling was not performed.
Discussion
Outcomes of stage II hospitalization for subjects enrolled in the Pediatric Heart Network sponsored SVR trial were favorable and not associated with the type of shunt placed at the initial Norwood procedure. The median hospital LOS was 8 days, consistent with several previous single center reports [5] [6] [7] [8] 12, [23] [24] [25] , although some series have reported considerably longer LOS ranging from 11 to 21 days 13, 26 . Given this wide variability in LOS in the published literature, it is not surprising that there was a significant association of LOS with the surgical center at which the stage II procedure was performed.
Both anatomical and physiological PA complications have been implicated as risk factors for worse stage II outcomes including pulmonary vascular resistance >3 Wood Units × M 2 and PA distortion 1 , although others have reported that PA augmentation does not increase mortality risk 2 . More contemporary series suggest a greater adverse consequence of elevated PVR than PA stenosis, at least with respect to mortality before the Fontan operation 9, 11, 27 . With regard to hospital LOS, Gray et al. found that the need to place a stent in the RVPAS before the stage II procedure was associated with a 10-day increase in LOS 26 . The current study found that a clinical diagnosis of branch PA stenosis was the measurement most associated with increased hospital LOS, even more so than detailed angiographic measurements. It is important to note that this model did not include PVR because this measurement was obtained in only 253 of the 393 subjects in the cohort. When PVR was included in the model, branch PA stenosis was no longer associated with increased hospital LOS. It should be noted that PVR cannot be easily measured in subjects with significant branch PA stenosis and it is therefore likely that the latter model excluded the majority of subjects with significant branch PA stenosis. Furthermore, measures of total PA growth (Nakata index or the lower lobe index) were not associated with stage II mortality in a univariate analysis.
We hypothesized that the RVPAS group would have a longer hospital LOS due to smaller PA size and increased number of PA interventions between the Norwood and stage II procedures. Hospital LOS following the stage II procedure tended to be longer in the RVPAS group although this did not reach statistical significance (mean 15.0 vs. 12.5 days and identical medians of 8 days; Wilcoxon P=0.07 and Cox model for time to discharge P=0.14). Therefore, it appears that it is really pulmonary artery anatomy rather than shunt type that is associated with stage II outcomes. Smaller series have shown no difference between the RVPAS and MBTS on outcomes at the stage II procedure 23,24 and Januszewska reported a shorter ICU LOS with the RVPAS compared to the MBTS 28 . While our data suggests that it is PA abnormalities, rather than shunt type alone that is associated with longer LOS, the RVPAS seems likely to be responsible for a larger number of PA abnormalities than the MBTS.
The finding that LOS following the stage II procedure is associated with a longer LOS following the Norwood procedure likely represents a surrogate for a multitude of other problems, such as ongoing heart failure from diminished ventricular function or AVV regurgitation, feeding difficulties, or other complications that result in morbidity. All of these variables were significantly associated with prolonged stage II hospital LOS in the univariate but not the multivariable analysis. Friedman and colleagues found that prolonged LOS following the Norwood procedure was associated with failure to complete the Fontan procedure 14 suggesting that these complications have long-term consequences in this population.
Similarly, the association of non-elective timing of the stage II procedure with longer stage II hospital LOS may reflect several anatomic and physiologic complications. Although age at procedure and weight z-score were univariate predictors of LOS in the current study, they were not independent predictors of LOS. This finding is supported by the observations that subjects who underwent non-elective stage II were younger and more likely to have concurrent procedures. Several previous investigators have shown associations between younger age or smaller size and complications resulting in prolonged LOS 8, 15, 24, 29 or death 16 following the stage II procedure. A comparison of those undergoing the stage II procedure at < 3 months of age to those who were 3 months or older did not identify an independent effect of age when other factors such as preoperative PA pressure and AVV regurgitation were taken into account 10 .
The stage II procedure in-hospital mortality rate in this multi-center cohort was 4%, with an additional 1% of subjects undergoing heart transplantation before discharge. The majority of reports from single centers have indicated mortality rates less than 2%, and frequently less than 1% [4] [5] [6] [7] 12, 25, 28 . Even those series limited to patients with HLHS 6,28 and thus anatomically similar to the current cohort, have generally, although not universally 11 , demonstrated lower hospital mortality than in the SVR cohort, and Scheurer and colleagues found that HLHS was not associated with any additional risk at the stage II procedure in a series of single ventricle patients 12 . An important difference between the SVR trial cohort and others is that the SVR cohort is an incident cohort and might therefore be more inclusive than single center reports. Also, publication bias may favor lower mortality rates being published.
Several factors were associated with mortality in a univariate analysis. Of particular note are moderate or greater AVV regurgitation, whether noted on the pre-stage II echocardiogram or as a clinical diagnosis, AVV repair concurrent with the stage II procedure, and an increased RVEDP at the pre-stage II catheterization. AVV regurgitation has been identified as a risk for early 10 and late [12] [13] [14] mortality after the stage II procedure. Hypoplastic left heart syndrome patients with AVV regurgitation may be at higher risk than those with other types of single ventricle anatomy 29 although there are also reports that AVV regurgitation is not associated with in-hospital mortality at the stage II 2 or Fontan procedures 30 , unlike the current results. Longer-term follow up of the subjects in the SVR cohort who have undergone AVV repair will be important to determine if the strategy attempting repair of the moderate or severely regurgitant AVV at the time of the stage II procedure is ultimately successful.
There are several limitations to our investigation. Practice variation exists between centers, as was reflected by the significant association of center with hospital LOS. Furthermore, our multivariable model accounted for only 26% of the variance in LOS, suggesting that there are other important issues that impact individual patients and were not measured or analyzed here despite the extensive nature of the SVR database. As previously discussed, many variables evaluated in this study may be confounded with others, such as age at stage II and non-elective timing for stage II. Consequently, some variables deemed important in the multivariable models may only be surrogates for other unmeasured variables. By adjusting for site and using bootstrapping, we have tried to minimize bias and maximize reliability.
In conclusion, we found that the stage II procedure for HLHS and other single right ventricle anomalies is most commonly followed by a relatively short hospital course with a small number of clinically significant complications, and this is unrelated to the shunt type placed at the Norwood operation. Overall hospital mortality following the stage II procedure is low in this generally high-risk population, even though the need for additional surgical and interventional procedures at the time of the stage II hospitalization is relatively high. Patients who require a non-elective stage II procedure, those with a diagnosis of branch PA stenosis and those who had a prolonged LOS following the Norwood procedure are at significant risk for a prolonged hospital LOS following the stage II procedure. Flow diagram showing the SVR trial cohort from inception through stage II hospitalization. SVR: Single Ventricle Reconstruction trial Outcomes by Shunt Type 
